Low temperature photoluminescence and photoluminescence excitation mea- 
The full width at half maximum (FWHM) of the heavy-hole free exciton (HHFE) recombination and the Stokes shift SS, i.e., the difference between the exciton peak energy as determined by photoluminescence (PL) and absorption measurements, are commonly considered indicative of the sample quality. However, the origin of the Stokes shift is still argument of debate, although it has been the subject of a number of experimental and theoretical works. [1] [2] [3] [4] [5] [6] [7] In the pioneering works in GaAs/Al x Ga 1−x As single quantum wells (QWs), [1, 2] the SS was attributed to trapping of excitons at interface defects with a contribution to the interface potential described by a gaussian function. Assuming a lack of exciton thermalization, i.e., a recombination of excitons at the defect sites where they are first trapped, the SS is determined by the distribution of the binding energy of excitons to the defects. The vanishing of SS for increasing temperature has been attributed to an increased detrapping of excitons. In later works, the main cause of exciton trapping to a disordered potential has been identified in the interface roughness produced by an inhomogeneous thickness of the QWs. [3, 4] In other theoretical models, a major emphasis has been given, instead, to thermal effects on carrier migration, [5] the carrier thermalization [6] or the thermodynamical balance between excitons and radiation. [7] We will briefly resume in the following those models which lead to an analytical relationship between SS and the value W of FWHM of the absorption line and thus allow a comparison with experimental data.
In the model of Fang Yang et al, [3] the probability distribution of the exciton energy in the QW-plane (x,y) is assumed to be a function G(x,y), which determines the shape of the absorption band. Fluctuations in the QW thickness, with a gaussian distribution due to the diffusion process during the QW growth, [4] are assumed to be the only source of randomness in the exciton energy distribution. If this topographical disorder extends over a scale much greater than the carrier diffusion length, carriers relax into local minima before recombining as excitons. Therefore, the PL reflects the distribution of local minima in the exciton-energy distribution and a SS ensues, with In the model of Gurioli and coworkers, [6] the emphasis is further shifted toward the role of thermal effects. Excitons are assumed to be in thermal quasiequilibrium, with a distribution characterized by an effective carrier temperature T c greater or equal to that of the lattice. The Stokes shift is then related to the degree of carrier thermalization, as measured by the ratio between the carrier thermal energy k B T c and the inhomogeneous broadening of the exciton-band. Therefore, SS becomes vanishingly small whenever that ratio is much greater than unity (namely, when a high temperature allows to establish a thermal equilibrium). Otherwise, the high energy side of the exciton distribution function is depressed in PL because of population effects, and a sizeable SS results. Provided that the disorder responsible for the exciton broadening is described by a gaussian function, the model results into
in quite good agreement with experimental data in AlGaAs/GaAs QWs where W is of the order of a few meV or less. Therefore, both models described above account for the origin of the Stokes shift if applied to systems which largely differ in the degree (and nature) of disorder.
Recently, our group has studied the effects of structural disorder on the photoluminescence of strained InGaAs/GaAs quantum wells grown by molecular beam epitaxy (MBE) [9, 10] and differing in the indium molar fraction x and/or well width L. A detailed analysis of the PL lineshape for increasing x and L has evidentiated the role and weight of alloy disorder and well-width fluctuations − namely, of the main mechanisms responsible for the spectral broadening of HHFE recombination. [9] Potential fluctuations give also rise to localization of excitons, most likely at the interface. [10] In the present work, we will compare the two analytical models on the origin of SS previously resumed with experimental results in those strained InGaAs/GaAs heterostructures. In this case, the HHFE peak energy and absorption linewidth are obtained from PL excitation (PLE) measures because of the low absorbance of quantum wells. [11] By tuning the amount and source of disorder in the InGaAs/GaAs
QWs, we will show that both the topographical model [3, 4] and the quasiequilibrium model [6] hold in this system. Those models, indeed, well describe the experimental data in the two opposite limits of large or small W (disorder), respectively, with a crossover between the two regimes for W ∼ 6 meV. Moreover, for increasing lattice temperatures data turn out to be well described by the quasiequilibrium model also in cases where the topographical model holds at low temperature.
The samples used for this work are In x Ga 1−x As/GaAs single QWs grown on GaAs (100) substrates, with x = 0.09, 0.10, 0.19, 0.80, and 1.0 and different well widths (see Table I ).
Only single QWs have been considered in order to eliminate possible inter-well fluctuations. In Figure 1 , we report typical PL and PLE spectra showing the HHFE transition for different indium concentrations (the values of W and of SS for all samples investigated are given in Table I ). For ease of comparison, the PL and PLE spectra have been reported by taking for each sample the zero of the energy at the PLE peak. The Stokes shift and the recombination and absorption broadenings are clearly correlated, both increasing from the top to the bottom of the figure. The shoulder on the low energy side in the spectrum of the sample shown in Fig. 1(a) is due to an exciton bound to interfacial disorder. [10] The peak at about 10 meV above the HHFE in the sample reported in Fig. 1(b) is due to the partially-forbidden transition e1-hh3, usually observed in wide QWs. [14] In Fig. 1(c) , the low-and high-energy bands in the PL spectrum are due to the recombination of the carriers in the quantum dots formed during the growth and in the flat InAs QW, respectively. [15] In the InAs/GaAs QWs, both PL and PLE measures have been performed on deuterated samples, where a giant increase in the luminescence efficiency makes measures easier. [12] It is worth noting that the diffusion of deuterium, besides increasing the PL signal, produces an increased degree of disorder, as evidentiated by a sizeable brodeaning of the luminescence and absorption recombination bands (not shown here).
In Figure 2 Let us now give a closer inspection to the region of small W (≤ 6.0 meV, or SS ≤ 2.0 meV), where the linear extrapolation from the high disorder regime (dashed line in Fig. 2) gives a poor fit to the data and the validity of the linear model has been questioned. [6] In over a scale length smaller than their radius, the mean potential value found on the exciton radius fluctuates over the whole sample. [9] Flat regions on the scale of the exciton size, which would give rise to multiple PL peaks, [19] not present in our samples, are therefore not a mandatory feature of the topographical model.
A further support to the picture of a continuous transition between the quasiequilibrium and the topographical disorder model is provided by the dependence on temperature of the Stokes shift reported in Fig. 4(a) for the InAs/GaAs sample with L = 1.2 ML. At 5 K, this sample has a PLE linewidth equal to 13 meV (see Table I) The dashed lines are guides to the eye.
